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AFRODYNAMIC AND ROCKET BRAKTNG OF BLUNT NONLIFTING
VEHICIES ENTERING THE EARTH'S ATMOSPHERE
AT VERY HIGH SPEEDS
By Kenneth K. Yoshikawa and Bradford H. Wick

Ames Research Center
Moffett Field, Calif.

SUMMARY

A study has been made of the relative merits of aerodynamic braking, and
combined rocket and aerodynamic braking of blunt nonlifting vehicles entering
the earth's atmosphere at speeds varying from 25,000 to 60,000 feet per second.
The study covered a wide range of heats of ablation of the heat shield, spe-
cific impulses of the rocket, entry angles, nose radii, and vehicle weight-to-
area ratios. The assumed values of heat of ablation ranged from the heat
required to vaporize Teflon to a value that is higher by a factor of 10. The
values of specific impulse were appropriate for chemical, nuclear, and electri-
cal propulsion devices. Radiation was the dominant mode of heat transfer for
speeds in excess of about 40,000 feet per second. In treating this mode of
heating, 1t was necessary to account for the self-absorption of shock-layer
radiation and the shock-layer cooling that results from the radiation that is
not absorbed.

For a Teflon heat shield and a chemical rocket, neither aerodynamic brak-
ing alone nor an optimum combination of rocket and aerodynamic braking provides
an acceptable recovery of a blunt nonlifting vehicle returning to the earth's
atmosphere at speeds in excess of 40,000 feet per second. Recovery of at least
50 percent of the initial weight for the higher speeds will require either an
ablative heat shield with a heat of ablation that is a factor of 5 higher than
the heat required to vaporize Teflon or a rocket with a performance that is
2.5 times higher than that expected for a nuclear device. When the heat of
ablation is higher by a factor of 10, aerodynamic braking for a number of the
entry and vehicle conditions matches the recovery performance offered by the
combined braking of aerodynamic drag and an electrical propulsion device. In
view of the results of a recent study (NASA TR R-185) which indicate that a
conical body is more efficient than a blunt body for entry at the very high
speeds, aerodynamic braking must be favored over combined braking for entry
speeds up to 60,000 feet per second.

INTRODUCTION

Some space vehicles will be required to explore the planets in the solar
system and then return to earth. Many of the problems associated with the
entry of these vehicles into the earth's atmosphere have been examined and



discussed in some detail by Allen (ref. 1). Entry speeds of these vehicles are
predicted to be considerably in excess of earth escape speed. As the entry
speed increases, radiation becomes the increasingly important mode of heat
transfer and far exceeds convection. Recent studies have indicated that the
dependence of radiative heat transfer on speed ranges from the eighth to the
sixteenth power of speed, compared to approximately the third power for convec-
tive heat transfer. Thus the fraction of the total energy per vehicle unit
mass that is converted to heat increases drastically with increasing speed.
With the total energy per unit mass increasing as the sduare of the speed, the
proportion of the vehicle mass required for heat protection leaves a vanish-
ingly small proportion as payload. It is of interest to note that many natural
objects enter the atmosphere at these high speeds. (See refs. 1-k.)

With this future to be faced by the designer of vehicles for high-speed
entry of the earth's atmosphere, it is clear that some changes in the design of
entry systems must be considered. One possible change that is examined herein
is to employ rocket braking to slow the vehicle down before atmosphere entry
rather than use aerodynamic braking alcne. The relative merits of aerodynamic
braking and combined rocket and aerodynamic braking are compared on the basis
of the ratio of final to initial weight. The relative merits depend upon many
factors, entry speed, entry angle, vehicle properties (both aerodynamic and
physical), heat-shield effectiveness, and rocket performance. Accordingly,
most of these factors were variables in the study. The vehicles considered
were blunt nonlifting bodies.

NOTATION
A cross-sectional area of body, ﬂsz
. 2 drag

dr oefficient, ——=—
Cp ag ¢ lent, oVEA
g gravitational acceleration
h altitude
I gpecific impulse

s . A body volume
L initial effective length of body, — i
Ry radius of body cross section
Rn nose radius of body
T thrust
t time

speed

body weight

o=



specific weight

flight-path angle relative to local horizontal
atmospheric density

heat-transfer coefficient

heat of ablation

ve > O R =

Subscripts

convective

entry

final (zero altitude)
initial

sea level

nonequilibrium

B B O H H = o

radiative

ANATYSTS
Relations for Aerodynamic Braking

Equations of motion and mass loss.- Analyses of the motion, heating, and
ablation of bodies in flight through the atmosphere have been presented in a
number of reports (e.g. , refs. 1-7). The equations of motion and mass loss for
a body in a relatively steep, straight-line trajectory can be expressed as

W av Cp 5

= - —= pV3A 1
oo at 5 P (1a)
¢ aw A 3

= - 2 5v3
g, dt 5 oV (1v)

where

A heating rate per unit area/(1/2)pVv3

4 heating rate/ablation rate

With the introduction of the expression for a straight-line trajectory

dt:-L (2)

V sin 7m



equations (la) and (1b) become

v _ _ PgoACDV
dn ~ 2W sin 7g (32)

i __PEAN” (30)
dh = 2¢ sin o

The foregoing two simultaneous, nonlinear, first-order differential
equations are solved numerically by use of an electronic digital computer to
obtain the ratio of final to initial weight WF/WE. In obtaining the numerical
solutions, it was found desirable to use the following equations which were
obtained from equations (3a) and (3b) by introducing the entry parameter

(Wg/CpARn)sin 7g:

W) av | PeoY |
wE> dh 2Ry (Wg/CpARp)sin 74 (ke)

a(w/vm) _ PEN= (4b)
dh 28CpR, (W /CpARy ) sin 7

The desirability of introducing the parameter (Wr/CpARp) sin 7m 1is that, for a
range of values of Rp, one set of values of the parameter will suffice to

cover realistic ranges of vehicle densities, lengths, and entry angles.

Evaluation of Cp and A.- In evaluating the coefficients Cp and A in the
foregoing equations it is necessary to specify the geometry of the body nose.
The nose shape (fig. 1) assumed in this analysis is a spherical segment for
which Rn/Rb = 2. It is further assumed that the nose shape does not change as
the body ablates. The drag coefficient of a nonlifting body of the assumed

nose shape, as given by Newtonian theory, is Cp = 1.75.

The heat-transfer coefficient is composed of the following contributions
which are evaluated as described below:

7\:?\r+7\n+7\c (5)

(l) Ar, equilibrium gas-cap radiation: The results of
references 8 and 9 are used to calculate the equilibrium radiative
heat-transfer coefficient. It is assumed that Ay was constant over
the nose (i.e., the stagnation-point value was assumed for all points).
This assumption probably provides a sizable degree of conservatism in
the calculations; the values of Ar are overestimated by perhaps as
much as a factor of 2 on the basis of the radiative heat-transfer dis-
tributions presented in reference 10.

Tt is to be noted, however, that the results presented in reference 10 are not
directly applicable to all entry and vehicle conditions considered in the
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present analysis. The results of reference 10 apply only to conditions for
which self-absorption of shock-layer radiation and shock-layer cooling by
radiation are not significant.

(2) An, nonequilibrium gas-cap radiation: The out-of-equilibrium
effects are obtained by extrapolation of existing experimental data
(e.g., refs. 11 and 12).

(3) Ne, convection of heat across the boundary layer: The bound-
ary layer is assumed to be laminar. An averaged convective heat-
transfer coefficient is used for the complete nose. A reduction in
convective heating resulting from ablatigqn is not taken into account
since convective heating itself is a small proportion of the total heat
transfer to the body for entry speeds in excess of escape speed. Tor
the same reason, account is not taken of the effect on the convective
heating of the cooling of the shock layer by radistion. In view of
these circumstances, the convective heating coefficient averaged over
the nose is approximated by the following simple relation (ref. 6):

Ao = —2:00039L g 4n pg (6)

J (p/e0)Rn

" With the individual components evaluated as indicated above, the value of
A sometimes exceeds unity, a clearly untenable result since the heat transfer
to the body will then exceed the flux of energy into the shock layer. In order
to avoid this occurrence, adjusted values of A are obtained by use of the
following equation:
?\l

A= ANe™® 4 (1 - e_?\')z (7

where A' is the unadjusted value.
Values of A were calculated as described above; the results are
presented in figure 2.

Relations for Rocket Braking

The equation for rectilinear motion of a rocket in gravity-free space is

WAV _ (8)
go dt
The rocket thrust is given by
aw _ _
15 ="T (9)



When the above equations are combined,

aw _ _av |
W - Igo (10)

For constant specific impulse (Igy, = constant) it follows that

wg (V1 - VE)/Igo
-W—I = e (ll)

where Vg 1s the initial speed of the vehicle, and Vg 1is the speed at the
time the propellant burns out, and Wy and Wg are the weights corresponding
to V1 and Vg.

Combined Aerodynamic and Rocket Braking

The two types of braking are combined in the following manner. Rocket
braking is used initially to decelerate the vehicle from the initial speed Vg
to Vg, at which rocket burnout occurs and the vehicle enters the atmosphere.
It is desired to maximize the ratio of recoverable weight to entry weight
WF/WE' for a given set of entry conditions. Maximum values of the ratio are
determined with the use of the following expression:

% - () @) a2

The first ratio on the right side of the equation is the weight ratio for
rocket braking and the second is the ratio for aerodynamic braking. For a
given set of entry conditions, values of WF/WI are calculated for various
assumed values of Vg, and are plotted as a function of Vg 1o determine the
maximum value of Wp/Wr. The number of calculations for a range of entry
speeds is greatly reduced by the fact that the optimum value of Vi 1s inde-
pendent of the initial speed Vy. This can be shown by differentiating equa-
tion (12) with respect to Vg, setting the derivative equal to zero, and using
equation (11). One obtains

a(Wg/Wr) _ [d(WF/WE) ( >IgJ - (V1 - Vg)/Ieo

ave dvm

or

a(Wy/Wg)
Cavg . <§E Igo (13)

The conditions for optimum recoverable mass ratio imposed by this equation are
clearly independent of V7.
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APPLICATION OF ANALYSIS

Numerical calculations were made for initial speeds ranging from 25,000 to
60,000 feet per second for the following combinations of parameters:

Nose radius, Rp: 1.5, 3.0, 7.0, and 15 feet

Heat of ablation, {: 2x107, 10x107, and 20x107 ft2/sec?

Entry parameter, (Wg/CpARn)sin 7g: 3.2, 9.2, 18.4, and 36.8 1b/rt3
Specific impulse, I: 400, 800, and 4,000 sec

It was assumed for these calculations that the effective ablation of each
body began at 260,000 feet and ended at zero altitude.

RESULTS AND DISCUSSION

The results, in the form of the ratio of recoverable weight to initial
weight as a function of initial speed, for aerodynamic braking alone and for
optimum combinations of rocket and aerodynamic braking are presented in fig-
ures 3, 4, and 5. The results for aerodynamic braking alone are identified by
I = O; the initial speed is the atmosphere entry speed. The optimum rocket
cutoff speed (the atmosphere entry speed for combined braking) for each combi-
nation of rocket and aerodynamic braking is identified by the point at which
the curve for that combination merges with the curve for I = 0. For initial
speeds greater than the optimum rocket cutoff speed, rocket braking should be
used to slow the body prior to entering the atmosphere. For lower initial
speeds it is more efficient to use aerodynamic braking alone.

To serve as a reference in the subsequent consideration of the results),
it is desirable to relate the assumed heats of ablation and rocket specific
impulses to particular ablative materials and types of rockets, respectively.
The low heat of ablation (2XlO7 ftz/secz) is approximately equal to the heat
required to vaporize Teflon; whereas, the high value (20><lO7 ftz/secz) is about
25 percent higher than the heat of vaporization of quartz at 3,OOOo XK, and
within the low end of the range of values quoted for the heat of sublimation of
graphite (which range from about 12 to 5O><lO7 ftg/seca, depending upon the
molecular weight of the carbon vapors). The low rocket specific impulse
(40O sec) is representative of high-performance chemically fueled rockets, the
intermediate (800 sec) of nuclear rockets, and the high (4,000 sec) of electri-
cal propulsion devices.

As shown in figure 3, aerodynamic braking is clearly inferior to combined
braking when a Teflon heat shield is used. The combination of aerodynamic
braking and rocket braking with a chemically fueled rocket provides higher
weight ratios at speeds in excess of 34,000 to 45,000 feet per second,

1The conversion to Btu/lb is as follows: (f, Btu/lb) = Ux107> (¢, t2/sec?)



depending upon the vehicle and entry conditions. The resulting ratios,
however, are not very impressive; for example, for a speed of 60,000 feet per
second, the recoverable weight is about 20 percent of the initial weight, or
less, for an optimum combination of rocket and aerodynamic braking. It can be
seen that one must look forward to the development of electrical propulsion
devices (I = 4,000 sec) before a more acceptable recovery performance is
attained. For a nuclear device (I = 800 sec), the recoverable weight for an
entry speed of 60,000 feet per second ranges from 18 to 35 percent of the ini-
tial weight, whereas an electrical device offers recoverable weights of 50 to
75 percent of initial weight. 1In the latter case, the rocket cutoff speeds are
generally close to satellite speed, which suggests the interesting possibility
of leaving the propulsion device in orbit for subsequent reuse.

The results for the intermediate value of heat of ablation (fig. 4) show
that combined braking is generally superior to aerodynamic braking alone, only
when the highest performance rocket (I = 4,000 sec) is used. An interpolation
of the results indicates that, for equal recovery performance, the rocket spe-
cific impulse would have to be about 2,000 seconds. This value is about 2.5
times that expected for nuclear devices. In contrast, the intermediate wvalue
of heat of ablation (10X107 ft2/sec?) is only 60 percent of the heat of vapor-
ization of an existing ablative material, quartz.

For the case of the high heat of ablation (fig. 5), the recovery perform-
ance provided by aerodynamic braking alone is, for some conditions, the equal
of that provided by combined braking with high rocket specific impulse. The
high heat of ablation appears to be within the capability of current technology
for ablative heat shields, being only 25 percent higher than the heat of vapor-
ization of quartz and in the lower end of the range of values quoted for the
heat of sublimation of graphite. The high rocket specific impulse, on the
other hand, is well beyond current rocket technology.

The relative merits of aerodynamic braking, and combined aerodynamic and
rocket braking for an initial speed of 60,000 feet per second are summarized in

the following table:

Specific impulse, Cutoff speed, Weight ratio,
sec ft/sec WF/WI
¢ = 2X107 ft2/sec?

0 - 0 - 0.08
400 34,000 - 45,000 0.06 - 0.18
800 30,000 - 40,000| 0.18 - 0.35

kooo 25,000 - 31,000 0.k9 - 0.75
¢ = 10x107 ft2/sec®

0 -— 0.2k - 0.69

4000 30,000 - 39,000 | 0.71 - 0.80
¢ = 20x107 ft2/sec?

0 -—- 0.52 - 0.83

4000 33,000 - 60,000| 0.75 - 0.83




In addition to these effects, on recoverable weight ratio, of heat of
ablation and rocket specific impulse, there are also some interesting effects
of nose radius. Rather than use constant values of the entry parameter as a
basis of comparison (as in figs. 3, 4, and 5), it will be more meaningful to
use constant recoverable weight. Comparison of the effect of nose radius at
a constant value of the entry parameter is misleading in that vehiecles of dif-
fering total weight are compared (assuming that entry angle remains constant).

Figure 6 illustrates, for aerodynamic braking only, the effect of nose
radius on the ratio of recoverable to initial weight for constant recoverable
weight and entry angle (i.e., Wy sin 7 is constant). The effect of increas-
ing nose radius is noted to be unfavorable. This result is generally typilecal
for other combinations of Vg, {, and w sin 7g.

Also shown in figure 6 are two upper boundaries to the values of weight
ratio. One boundary 1s based on a limitation of impact speed for which an
arbitrary limit of 1,000 feet per second was assumed. The other boundary is
based on a limitation on body length imposed by a requirement for static aero-
dynamic stability. This requirement is met by having the center of gravity
ahead of the center of curvature of the nose (assuming that only the pressures
on the nose are significant). This condition is met, for the nose shape
assumed in this study, by using values of L/Rb less than L; in order to be
conservative, a value of 3 was used in defining the boundary. It will be noted
that these two boundaries together define the optimum ncose radius for a given
recoverable weight. (Note also that L/Rb < 3 on the impact velocity bound-
ary.) Both the optimum nose radius and the limit weight ratio increase with
increasing recoverable weight where the static-stability requirement (L/Rb =3
boundary) is limiting; whereas, neither quantity varies appreciably where the
impact-velocity boundary serves as a limit.

Limit values of recoverable weight ratio for combined aerodynamic and
rocket braking are compared in figure 7 with the corresponding values for aero-
“dynamic braking alone. The values for combined braking are the maximum attain-
able with each particular combination of heat of ablation and rocket specific
impulse. (For some conditions, the dotted contours of constant Wp sin 7
are not shown near I = 0; the reasons for these omissions are that the con-
tours do not vary monotonically near I = O, and their actual variations are
not too significant.) These results show, as one would expect, that the effect
of nose radius on limit mass ratio generally diminishes with either increasing
heat of ablation or specific impulse. Note also that there is a corresponding
reduction in the variation of weight ratio with the recoverable weight. Con-
sequently, the effect of nose radius (or recoverable weight) on the relative
merits of aerodynamic braking, and combined aerodynamic and rocket braking is
lessened as both the heat of ablation and specific impulse are increased to the
highest values considered in the study. Considering the relative merits of
the two types of braking, rather than the effects of nose radius thereon, the
limit weight ratios provide qualitatively the same conclusions as those gained
from the weight ratios presented in figures 3, 4, and 5.



CONCLUDING REMARKS

From the results of the study presented herein it is concluded that if
Teflon is used as an ablative heat shield, aerodynamic braking alone or in
"optimum combination with a chemically fueled rocket is unacceptable for a
blunt, nonlifting vehicle returning to the earth's atmosphere at speeds in
excess of about 40,000 feet per second. For aerodynamic braking alone the
ratio of recoverable to initial weight rapidly diminished toward zero as the
entry speed was increased toward 60,000 feet per second. For optimum combina-
tions of aerodynamic braking and rocket braking, the weight ratios for an ini-
tial speed of 60,000 feet per second were unacceptably low (6 to 18 percent).

The achievement of recoverable weight ratios of at least 50 percent for
initial speeds in the range of 40,000 to 60,000 feet per second will require
either an ablative heat shield or a rocket with a performance fivefold higher
than that of Teflon, or a chemically fueled rocket, respectively. A fivefold
higher heat of ablation than that of Teflon appears to be well within the capa-
bility of several known ablative materials (e.g., quartz and graphite). An
increase in rocket specific impulse by a factor of 5 over that for a chemically
fueled rocket is a factor of 2.5 higher than that expected for a nuclear
rocket, or one-half of that expected for electrical propulsion.

Extensive effort is already being made to develop higher performance
rockets, but only limited attention and effort has been directed toward the
problem of developing ablative heat shields for high radiative heating environ-
ments. A property of importance in addition to heat of ablation is resistance
to the thermal shock imposed by the high heating-rate environment. A cursory
consideration of the limited information on the properties of graphite indi-
cates that it may prove to be a very promising material for the high radiative
heating environment. The attractive features of graphite are its apparently
high heat of sublimastion. Widely varying values of heat of sublimation are
quoted in the literature; the range is from 6 to 25 times the heat required to
vaporize Teflon. The high thermal conductivity of graphite, a property which
has made it unfavorable for use on entry vehicles designed to enter the earth's
atmosphere at escape speed or less, may prove to be very desirable from the
standpoint of minimizing the temperature gradient at the surface, and, hence,
the thermal stresses. With graphite forming the ablative layer for the very
high speed portion of a trajectory, an underlayer of a composite charring
material might provide the protection for the remainder of the trajectory.

Alternative possibilities for developing ablative heat shields for high
radiative heating are (1) an ablative heat shield which reflects the radiation,
while blocking convective heating as the result of vaporization, and (2) a
metallic heat sink over a layer of ablative material, the metallic layer to
reflect the radiation and absorb the convective heat during the high radiative
heating period, and the underlying ablative layer to afford the protection for
the remainder of the trajectory. Two examples of the first approach are prop-
erty oriented, reflecting particles distributed through a transparent ablative
material, and multilayers of transparent ablative material with a very thin
reflective film between each layer. Achievement of the desired high
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reflectivity appears uncertain, however, because most of the radiation will be
in the ultraviolet region of the spectrum where few materials are known to have
high reflectivity. The second approach might prove to be inefficient because
of the weight of the material reguired to absorb the convective heating during
the high radiative heating period. Since rejection of the radiative heating
load might be achieved by these two approaches, they are worthy of serious
attention.

A completely different approach to the problem of entry at very high
speeds that has been suggested (ref. 13) is the use of a conical nose to reduce
the radiative heating. A penalty in convective heating will be incurred, but
generally an ablative heat shield will be sufficiently more effective for con-
vective than for radiative heating so that a net gain is realized. In view of
this finding and the results of the present study for blunt bodies, aerodynamic
braking must be favored over combined aerodynamic and rocket braking for speeds
up to at least 60,000 feet per second.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Jan. 20, 196k
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Figure 2.- Concluded.
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“The National Aeronautics and Space Administration . . . shall . . .
provide for the widest practical appropriate dissemination of information
concerning its activities and the results thereof . . . obfectives being the
expansion of buman knowledge of phenomena in the atmosphere and space.”

——NaTioNaAL AeroNauTics aND Space Act or 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles or meeting papers.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546




